SUMMARY
INTRODUCTION

1
The adhesion of cells to the extracellular matrix usually makes use of the cell surface receptors known 2 as integrins. The intracellular tail of an activated integrin forms part of a complex that links the receptors 3 to the actin cytoskeleton, and thus enables communication between extracellular ligands and the The four-helix bundle that comprises the R3 domain of talin is held together by hydrophobic 26 interactions. The hydrophobic interior includes a 'threonine belt' composed of four threonine residues, 27 one from each helix in the bundle, that reduces the stability of the domain (Fillingham et al., 2005) . We 28 previously constructed a quadruple mutant of R3, referred to as R3-IVVI, in which these four threonine 29 residues were replaced by hydrophobic residues (T809I/T833V/T867V/T901I) (Goult et al., 2013) . This 30 mutant is more resistant to unfolding by both mechanical force (Yao et al., 2014) and thermal unfolding 31 (Goult et al., 2013) , and binds much more weakly to vinculin than R3, consistent with the coupling of 32 unfolding to productive vinculin binding (Figure 1 ).
33
There is thus ample evidence that the activity of R3 as a mechanosensitive switch is due to a 
37
High hydrostatic pressure has proved to be an effective way to reveal alternative protein 38 conformations that are close in energy to the ground state (ie low-lying excited states) (Akasaka, 2003, proteins, and therefore pressure leads to local, and ultimately to global, unfolding (Roche et al., 2012) .
46
The low-energy excited state conformations revealed in this way can be functionally important: for example, a locally unfolded form of ubiquitin has been identified as the conformation seen when ubiquitin 48 binds to the E2 ubiquitin-conjugating enzyme (Kitazawa et al., 2014) . We therefore applied elevated between closed and open forms, making the assumption that the excited state produced by high pressure 51 is likely to be similar to the state produced by mechanical force. 
55
p is pressure (Akasaka, 2006; Kitahara et al., 2013) . The linear term b is related to hydrogen bond 56 strength and other local geometrical effects, and is often difficult to interpret. By contrast, the non-linear 57 component c arises from the equilibrium between the native ground state and an excited state, and 58 therefore tends to report on conformational changes in the transition to excited states, for example 59 around cavities, and is much more useful and protein-specific (Kitazawa et al., 2014) . However, although 60 a quadratic expression is a convenient functional form, it cannot be related in any simple way to physical 61 phenomena, and the terms b and c have no simple physical meaning. We therefore propose a more 62 physically meaningful equation.
63
Pressure causes a change in the free energy difference between two conformations. We therefore 64 expect the states to be populated according to a pressure-dependent Boltzmann expression:
[1]
66
We assume that R3 can exist in two states, 1 and 2 (ground state and excited state, respectively), 67 populated in a pressure-dependent way as above. Each of these states can also undergo a linear 68 pressure-dependent compression, giving rise to a linear change in chemical shift. 
84
an excited state (whose population increases with pressure) and a compressed excited state.
85
The high quality of the 'noise-free' data allowed us to fit Eq. 2 globally, producing the result that 86 in the wild-type R3 the free energy difference between the ground and excited states is very close to 
101
The NMR spectra of R3 and R3-IVVI are similar ( Figure S1 ). The signals of R3-IVVI were assigned using suggesting that the structure of R3-IVVI is very similar to that of R3 ( Figure S2 ). 2D 
117
of pressure-dependent data. Chemical shifts at variable pressure were also measured for C , C and C' 118 nuclei, using 2D HN(CO)CACB and 2D HNCO spectra. Most nuclei were in fast exchange at all 119 pressures, although a few C and C nuclei broadened at higher pressures. Large-scale conformational 120 exchange typically slows at high pressures (Williamson, 2015) , implying that this broadening is due to at ambient pressure, consistent with a large-scale hinge bending.
123
As a first step, the chemical shift vs pressure data were fitted to a quadratic expression, following 124 common practice (Kitahara et al., 2013) . Neither R3 nor R3-IVVI gave a good fit to the data, with a large number of both amide proton and nitrogen chemical shifts giving a poor fit ( Figure S3 ). Mapping these 126 residues onto the structure gave no perceptible pattern ( Figure S4A ). We also tried fitting the data to a 127 cubic equation, this being the most obvious progression from a quadratic, as it includes the next term of 128 the Taylor expansion. The fit was much better, but there remained a significant number of peaks 129 systematically not fitting well ( Figure S3 ), that again showed no obvious pattern of distribution when 130 mapped onto the structure of the protein.
131
The pressure-dependent chemical shifts were processed using SVD in order to reduce the 
142
fourth is also necessary. The data suggest that no more than four are needed.
143
We have already seen ( Figures S3 and S4 ) that many resonances do not fit well to a quadratic 144 expression, which has three variables, but most fit reasonably well to a cubic equation with four variables.
145
Our proposed chemical shift equation (Eq. 2) has four components. We therefore set all singular values 146 with rank higher than 4 to zero and re-calculated a high-quality 'noise-free' data set D'.
148
Fitting of R3 chemical shift changes to Eq. 2
149
The column vectors of U' represent the chemical shifts of each species present, but not in a way that 150 normally allows the shifts to be extracted (Ikeda et al., 2011) . It is thus common practice to take the data from the SVD analysis, and go on to fit this 'noise-free' data to physically reasonable models in a conventional way (Henry and Hofrichter, 1992 Figure S4 ).
158
Simultaneous fitting to Eq. 2 for these nuclei resulted in a robust global fit for G and V of -1.6  27 J 
165
The large population of the excited state provides a good explanation for the unusually curved pressure-166 dependent chemical shifts.
167
G and V were then fixed, and the data for all nuclei were fitted to obtain the four resonance- 
174
the experimental shifts can be fitted so well by Eq. 2 is not conclusive proof that R3 must be following the Boltzmann distribution described by Eq. 2, but does imply that Eq. 2 is a good model for the system. Because Eq. 2 describes the simplest possible model comprising the least number of fitted variables that 177 is compatible with the data, we did not test other more complex models. 
197
We therefore consider what information can be obtained from the differences in chemical shift 
231
Throughout the protein, but particularly in helices 1 and 2, the large negative gradients tend to be on 232 the outer faces of helices while large positive gradients tend to be on the inner faces. The closed NMR 233 structure is composed of four noticeably curved -helices, and the data therefore indicate that following 234 the twisting out of helix 1 from the bundle, this helix becomes straighter as a consequence of being fully 
249
The volume change for R3-IVVI is larger than for R3, presumably as a consequence of a larger partial 250 molar volume (a larger volume of packing defects) in the closed state of the mutant R3-IVVI.
251
A detailed analysis of pressure-dependent chemical shift changes for R3-IVVI using the SVD 252 procedure gave similar results to those obtained for R3 ( Figure S7 ). The chemical shift differences ( = Figure S8 ). The differences in pressure-dependent gradients 
275
Second, we fitted the data to an equation (Eq. 2), which models the observed pressure-dependent 276 chemical shift using two conformational states whose populations depend on pressure, and for which 277 both states can also undergo a linear pressure-dependent compression. The data fitted remarkably well 278 to this equation, and the fitting yielded parameters that reveal much more about the underlying structural changes than when fitting to a quadratic expression. In particular, we showed that we can accurately 
286
This is likely to be a general result. An alternative approach was described recently (Erlach et al., 2014) , 287 which provides estimates of the ratio of the difference in compressibility factors and partial molar 288 volumes. For more linear pressure-dependent shifts, that approach may prove more tractable.
289
It is important to emphasize that the high hydrostatic pressure used here is a tool to allow us to 
300
This analysis was carried out on wild type and mutant forms of the R3 domain of talin. We showed 301 that wild type R3 is in equilibrium between two forms, each of which is populated 50% at ambient , consistent with a hinge motion of this type.
310
Analysis of gradient differences (1  2) indicates that all helices, but particularly helices 1 and 2, only the opening out of helix 1, which serves to expose helix 2 yet not render it fully able to bind. We 332 therefore propose that the unfolding of R3 and its interactions with vinculin proceed in a stepwise manner exposes the binding site on helix 2 for vinculin, and thus allows helix 2 to interact with vinculin. Binding (Calderwood et al., 2013) . This behavior would allow the R3 domain to act as a to a functional role of recruiting vinculin to the focal adhesion complexes.
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STAR METHODS
Contact
567
Protein concentrations were determined using absorbance at 280 nm and calculated extinction 568 coefficients.
570
High-pressure NMR 571 Samples (300 l) contained 1 mM R3 or R3-IVVI and were dissolved in 20 mM sodium phosphate pH 572 6.5, 150 mM NaCl, 0.5 mM TCEP in 10% 2 H2O/90% H2O and placed in a ceramic tube connected to a 573 high-pressure pump (Daedalus Innovations) (Urbauer et al., 1996) . Spectra were obtained at 298 K on 
597
defines the rank of the matrix, ie the number of independent components (here, the number of 598 independent molecular species whose chemical shifts are required in order to fit the data). In practice, 599 only a few of the i have large values, with the remainder having values which are small but not exactly the randomly near-zero i to zero, leaving a reduced W' as a n  n diagonal matrix, and at the same time the rank of D, ie the minimum number of independent components required to generate the chemical 605 shift changes observed, and (b) removing most of the noise from the data, therefore improving 606 subsequent fitting of the data.
607
The experimental data set was factorized to yield the U, W and V matrices. This analysis was 608 carried out separately for amide proton and amide nitrogen chemical shifts, and also for both sets 609 combined. The fitting was of similar quality for all three sets, as were the results, and therefore we report 
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